Magnetorheological effects in viscoelastic soft magnetic nanocomposites (SMNs) composed of submicron magnetite particles embedded in a network of wormlike micelles (WLMs) of surfactant were studied in a homogeneous magnetic field. In field, the SMNs showed rapid rise of storage and loss moduli by a few orders of magnitude as a result of the ordering of magnetized particles into chain-like or columnar structures.
Introduction
Magnetorheological fluids (MRFs) [1] [2] [3] [4] and magnetic elastomers [5, 6] or gels [7, 8] have attracted increasing attention, because their rheological properties can be changed continuously, rapidly and reversibly, by applying a magnetic field. In the absence of an external magnetic field, the magnetizable particles are randomly dispersed in the medium. When a certain field strength is imposed, the dispersed particles build up the chain-like structures or columns in the field's direction due to an induced magnetic dipole-dipole interaction [2, 3, 9, 10] . Owing to the arrangement of particles, the properties (viscoelasticity, yield stress, heat conduction) of the bulk material can be tuned in milliseconds by orders of magnitude. Such smart materials have found many engineering applications providing semi-active control in various devices such as dampers, shock absorbers, torque transducers, clutches, brakes and ultrafine polishing technology [2, 5] . They are employed, in particular, in the automobile industry.
High magnetorheological effects can be achieved when particles are close to each other and have large magnetization values [3] . Therefore, it is necessary to provide high volume fraction and particle sizes. For this reason, the submicron particles are considered more promising for soft magnetic nanocomposite preparation. Carbonyl iron and iron oxide particles are widely used in MRFs due to their high magnetic response and availability [11, 12] , but their density is very high -nearly 8 g/cm 3 and 5 g/cm 3 , respectively. This makes it difficult to disperse the submicron-or micron-sized particles in a liquid carrier. To resolve this problem, highly viscous carriers [11] or polymer network matrices [13, 14] can be used. However, these carriers deteriorate the mechanical properties of the system in magnetic field because of the restriction of the motion of the particles within the network [14] and the delay rate of the response [13] . To compensate these negative effects, the concentration of particles should be increased considerably (up to 30 vol %) [14] .
Recently, a new type of carrier for magnetic particles was proposed [15] . This carrier is based on soft matrix of WLMs of surfactants. The advantage of such SMNs is the linear viscoelasticity of the WLM network [16] [17] [18] [19] . Linear viscoelastic properties of SMNs allow investigation of the dynamic moduli of the system. Also, the WLMs are "living" objects, they can reversibly break under stress [18, 20, 21] that makes them promising as a matrix where particles can move freely enough even at low particle concentrations. This shows that WLMs are perfect for the stabilization of particle suspensions, because they are able to link to the particles by their end-caps. However, the rheological behavior of the SMNs was studied mainly in the absence of magnetic field.
Therefore, the present paper is devoted to the investigation of the rheological properties of SMNs composed of submicron magnetite particles embedded in the network of WLMs in magnetic field. The WLMs were built by cationic surfactant erucyl bis-(hydroxyethyl)methylammonium chloride (EHAC) in the presence of low-molecularweight salt KCl. EHAC containing a long mono-unsaturated C22 tail is known to impart high viscosity to aqueous solutions even at rather low surfactant concentrations. To provide stronger interaction with particles [22] , the experiments were performed at pH 11, when magnetite particles were negatively charged [15] .
Experimental section

Materials
The cationic surfactant EHAC C 8 H 17 CH=CHC 12 H 24 N(CH 2 CH 2 OH) 2 CH 3 Cl was provided by Akzo Nobel as a solution in 2-propanol. EHAC powder was obtained by freeze drying this solution.
1 H NMR spectroscopy data proved the absence of 2-propanol in EHAC thus purified. Potassium chloride (purity > 99%) from Acros Organics was used without further purification. Distilled water was obtained with a Milli-Q system (Millipore).
Magnetite particles iron (II,III) oxide Fe 3 O 4 were supplied by Sigma-Aldrich. By scanning electron microscopy, it was shown that the average diameter of the particles is about 250 nm [15] . These particles possess ferrimagnetic properties [23] , their saturation magnetization is 100 emu/g, the residual magnetization is 19 emu/g, and the coercive force -95 Oe [15] . Dispersions of these magnetic particles in WLM viscoelastic solutions were prepared following a previously developed procedure [15] . The homogeneity of the suspensions was examined by visual observation after 2 months storage at 25
• C.
Rheological Measurements
The dynamic and static controlled stress rheological measurements of the SMNs in the absence and in the presence of a homogeneous magnetic field were carried out with a commercial rheometer Physica MCR 301 (Anton Paar, Austria). The temperature was fixed at 20
• C. The samples were placed between rotated cone or plate and static plate. Static rheological measurements were performed at shear stress from 0.009 Pa to 100 Pa. Zero-shear viscosity was obtained from plateau of flow curve while yield stress was obtained from stress-strain curve. Dynamic frequency-dependent measurements were performed at frequencies from 0.01 to 10 rad/s and a fixed strain amplitude within the linear viscoelastic region. Latter was measured at frequency of 1 rad/s and a strain amplitude from 0.05 to 10 %. The measuring system's geometries were a cone-plate set with diameter 50 mm and angle 1
• for tests without the field because lower shear stress and a parallel-plate set with 20 mm diameter as part of a specific magnetic equipment. The gap thickness in the latter cell was 300 µm in all measurements [24] . The magnetic field with the strength of up to 1 T was applied in the direction perpendicular to the shear stress 27 -23.
Results and discussion
Fig. 1 allows one to compare the values of the storage G and loss G moduli for some SMNs before and after the application of magnetic field. It is seen that in the absence of magnetic field, the SMN sample containing 0.2 vol % magnetite has a storage modulus G of 0.2 Pa and a loss modulus G of 0.02 Pa. When 1 T magnetic field is applied, G and G moduli increase by 2 orders of magnitude (Fig. 1 ). This can be explained by the formation of chain-like structures of particles along the magnetic field lines oriented perpendicular to the direction of flow [2, 3, 25] . Among the chain-like structures, one can distinguish long ones, which spread from one plate of the measuring cell to the other, and shorter ones possessing at least one free end. The long structures attached to both measuring plates are suggested to contribute to the storage modulus G thus enhancing the elasticity of the system, whereas short structures give input into the loss modulus G thus increasing the viscous contribution.
In the absence of magnetic field, the SMN with 3 vol % magnetite has almost the same value of storage modulus G as the sample with 0.2 vol % magnetite (data not shown here), which is expected, because at these concentrations, the dependencies of G and G on the content of the particles level off [15] . However, in 1 T magnetic field the values of G and G for the SMN sample with 3 vol % of particles are by two orders of magnitude higher than for the sample with 0.2 vol % of particles. It indicates to increasing input of both long and short chain-like structures into viscoelastic properties of SMNs, when the amount of particles making up these structures increases.
Let us consider the evolution of storage G and loss G moduli with increasing mechanical strain depicted in Fig. 1 . One can see that in the absence of magnetic field, the SMN sample containing 0.2 vol % magnetite demonstrates a linear viscoelasticity at all studied strain values up to 10 %. This feature of the SMNs is provided by viscoelastic matrix composed of entangled WLMs [19] . When 1 T magnetic field is applied, the sample continues to exhibit a wide linear viscoelastic region, similar to that observed without the field. However, SMN with higher volume fraction of particles (0.3 vol %) has a shorter range of linear viscoelasticity (up to the strain of nearlyFIG. 1 . Dependence of storage G (filled symbols) and loss G (open symbols) moduli on mechanical strain (at 1 rad/s frequency) for SMN containing 0.2 vol % magnetite and 0.6 wt % EHAC without field (black diamonds) and at magnetic field strength of 1 T (red circles) and for SMN containing 3 vol % magnetite and 0.6 wt % EHAC at magnetic field strength of 1 T (blue squares). Solvent: 1.5 wt % KCl in water linear viscoelasticity occur at rather large strains, which are much higher than in MRFs based on Newtonian liquids (0.003 -0.1 % [8, 12, 23] ). Therefore, the SMNs under study show a rather wide range of linear viscoelasticity even at magnetic field strength as high as 1 T. This feature is quite important since the dynamic rheological data obtained within linear viscoelastic region characterize the structure undisturbed by mechanical strain [11] , and these data are most suitable for further investigation of the structure transformations induced by magnetic field. Therefore, in the present system, a broad range of linear viscoelastic response within a wide range of deformations (Fig. 1) permits to perform the oscillatory measurements under optimum conditions. Figure 2 shows the frequency dependences of storage G (ω) and loss G (ω) moduli obtained at fixed strain in linear viscoelasticity region. It is seen that without field, the loss modulus has a minimum and the G (ω) curve as a tendency to intercept with G (ω) curve so that at lower frequencies loss modulus is expected to exceed the storage modulus. Upon application of magnetic field, the G and G values increase by several orders of magnitude and become independent of frequency (Fig. 2) . The results of steady-state rheological measurements are presented in Fig. 3 . It is seen that in the absence of magnetic field (Fig. 3a) the SMN shows a flow curve with a shear thinning behavior and a plateau at low shear rates giving the value of zero-shear viscosity. The shear-thinning behavior can be attributed to the alignment of WLMs along the direction of flow [16] . By contrast, in the presence of magnetic field (0.2 T), the sample does not flow below some critical stress (Fig. 3b) . It indicates that upon application of the magnetic field the system acquires a yield stress [28] [29] [30] . For the SMN sample with 3 vol % magnetite and 0.6 wt % EHAC the yield stress is equal to 24 Pa. Thus, under the action of magnetic field the SMN undergoes a transformation from viscoelastic to a solid-like state. Figure 4 shows the response of storage G and loss G moduli in oscillatory testing of SMN sample under periodical switching of the 0.2 T magnetic field every 300 s. In this experiment, the G and G values were determined at a fixed frequency of shear strain equal to 1 rad/s. From Fig. 4 it is seen that the moduli increased synchronically with the magnetic field, but did not fully recover the original values after switching the field off. During several cycles of periodical application of magnetic field the storage G and loss G moduli under the field are the same, whereas without field the residual values of G and G increase with time and finally level off (Fig. 4) . The effect can be explained by the impact of the viscoelastic network of WLMs. Indeed, the micelles attached to particles have to be stretched when particles move in order to self-organize in the chain-like or column structures because latter process is quite rapid. Then, WLMs move in direction of the structures of particles and reorganize around new chain-like or column structures. After removing field particles have tendency to disperse randomly [13] conditions. After certain cycles of repeated magnetic field action, the WLMs organize a network around the structures of particles, which is responsible for the residual values of moduli being one order of magnitude higher than the original moduli without field. Thus, with periodical switching of magnetic field the viscoelasticity of the WLM network produces enhanced G and G moduli, which do not acquire their original values. It can be suggested that the system needs longer time to fully recover the initial state because of extremely long relaxation time of the WLM network, especially with embedded particles [15] . Figure 5 displays the change in storage and loss moduli associated with the stepwise change in magnetic field of 0.04 T and 0.07 T. It is seen that the storage G and loss G moduli response fits well to the two-exponential increase and decrease, correspondingly. The fitting for both moduli results in two values of characteristic time: a shorter one t 1 = 15 ± 5 s and a longer one t 2 = 110 ± 10 s. In literature, the fast time was associated with the formation of particles having chain-like structures and the slower time was attributed to the migration of these chains into thicker clusters [13] . Also, it was shown that the characteristic time t 2 for the slow process is essentially determined by the viscoelastic properties of the matrix [13] , which is in agreement with our data, since the t 2 value is almost the same as the relaxation time for SMN without field [15] .
Conclusions
This paper describes the variation of rheological properties of new SMNs upon application of a homogeneous magnetic field. It was shown that the studied SMNs possess very large linear viscoelasticity regions, which allows one to perform dynamic oscillatory shear tests over a wide range of applied mechanical deformations. Such tests are important for modeling the behavior of magnetorheological system under oscillatory shear stress conditions, for instance, in damper applications for vibration control. Despite this fact, such oscillatory tests are rarely used for studying MRFs because the linear viscoelastic region for most of them is limited to extremely low deformations. Periodical switching of magnetic field demonstrated that at each cycle the G and G values in the magnetic field are higher by several orders of magnitude than in its absence. The data obtained show that the new SMNs are very promising for various magnetorheological applications under dynamic conditions.
